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ARTICLE INFO ABSTRACT 


Keywords: Experiments were performed to examine the friction and wear of laser dimple textured surfaces of medium 

Magnetic carbon steel under three conditions: normal, degaussing, and an additional magnetic field. The coefficients of 

Texture friction and wear volume of the laser dimple textured surfaces were measured, and the hardness of the dimple 

Laser dimple j š 

w edge were measured. The worn surfaces of the specimens were examined, and the elemental contents of the wear 
ear 


debris were analysed. The wear debris within the laser dimples was examined at regular intervals to analyse the 
trapping processes. The experimental results indicated that the coefficients of friction and wear volume mass 
were reduced by the laser dimple textured surface. Compared with the normal condition, the abrasive wear of the 
laser dimple textured surface was reduced under both the degaussing and additional magnetic conditions, and 
the coefficients of friction and wear were reduced. Under the additional magnetic condition, uniform debris 
attachment to the inner walls of the laser dimples occurred. The distributions of the magnetic domains within the 
specimens affected the trapping process of wear debris during the wear experiments, and the wear-debris 
trapping capacity of the laser dimples was improved under the additional magnetic condition. The following 
phenomena occurred under the additional magnetic condition: hardness improvement of the dimple edge, 
oxidation of the wear debris, and coverage of the worn surfaces by wear debris. The results indicate that the 
tribological performance of the laser dimple textured surface of medium carbon steel can be improved under 


degaussing and additional magnetic conditions. 


1. Introduction 


The tribological performance of wear materials can be improved via 
the surface texturing method [1-3]. Many studies have demonstrated 
that wear debris can be captured by surface textures under dry sliding 
conditions, and the friction and wear performance can be improved 
[4-6]. In contrast, under lubricated conditions, surface textures can 
provide extra hydrodynamic effects [7-9] and store and release lubri- 
cants [10,11], improving the wear resistance. Various methods are used 
to fabricate textures on surfaces, such as mechanical removal [12,13], 
ion beam texturing [14], electrochemical machining [15], and laser 
techniques [4,16]. Laser processing technology is one of the most pop- 
ular methods owing to the ease of control and high efficiency [17]. 
Inspired by biological surfaces with excellent friction properties, re- 
searchers have fabricated textured surfaces with various shapes. 
Grooves, meshes, dimples, and rectangular texturing are applied to 
materials to improve the wear properties of various friction couples. 
Furthermore, the dimple textured surface is easy to manufacture [18]. 
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In recent years, many studies have focused on the applications of 
laser surface texturing (LST). For example, Vlădescu et al. [19] used LST 
processing technology to fabricate a textured surface on an automotive 
piston-liner pairing, and their results indicated that compared with the 
untextured surface, the friction was reduced under mixed/boundary 
conditions. Yu et al. [20] examined the effects of a laser textured surface 
on the wear properties of mechanical seals, and their results indicated 
that the friction torque and coefficient of friction were smaller than 
those of conventional mechanical seals. Varenberg et al. [21] reported 
that oxide wear debris could be trapped by laser dimples under dry 
sliding condition. 

Some friction couples in service are subjected to a magnetic field, e.g. 
in magnetic cutting [22], redirectors and braking systems of maglev 
trains [23], electromagnetic railguns [24], and electronic brakes [25]. 
Therefore, the tribological performance of materials with an additional 
magnetic condition should be investigated. Many studies have been 
performed on the effects of additional magnetic conditions on the 
tribological behaviour of ferromagnetic materials. For example, Dong 
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Fig. 1. Illustration of the wear experiment. (a) SFT-2M type ball-on-disc wear tester. (b) Laser textured surface. 


et al. [26] performed sliding-friction experiments on medium carbon 
steel under an additional magnetic condition, and their results indicated 
that the wear and coefficient of friction could be reduced. Kumagai et al. 
[27] investigated the influence of an additional magnetic condition on 
pure nickel and medium carbon steel during a pin-ring sliding process. 
They reported that the wear mass loss of the pin ring was significantly 
reduced under the additional magnetic condition. Moreover, the friction 
and wear mechanisms of ferromagnetic materials become complex 
under additional magnetic conditions. For example, the magnetostric- 
tive effect and dislocation migration phenomenon have changed the 
internal structures of materials, improving the strength and hardness of 
ferromagnetic materials [28,29]. Hiratsuka et al. [30] investigated the 
effect of an additional magnetic condition on the wear of nickel and iron, 
and their results indicated that the chemisorption of oxygen was acti- 
vated under the additional magnetic conditions and that the amount of 
wear was reduced in air. 


At present, researchers focus mainly on the wear of laser textured 
surfaces, and the effects of additional magnetic conditions on the wear 
characteristics of laser textured surfaces are seldom considered. In the 
present study, laser dimples were fabricated on a disc specimen surface 
of medium carbon steel. Dry friction experiments were performed to 
examine the friction and wear behaviour of the laser dimples under 
normal, degaussing, and additional magnetic conditions. The wear 
debris within the laser dimples was observed at regular intervals to 
analyse the trapping processes of the textured dimples. The wear 
mechanism of laser dimple textured surfaces under the additional 
magnetic condition was studied. 


2. Experimental procedures 


The disc specimen material was medium carbon steel of grade 
AISI1045 in normalized state, with a hardness of 210.4 HV. The testing 
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Fig. 2. Cross-sectional profile of laser dimple. 
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Fig. 3. Calculation diagram of the area density (Sp). 


hardness conditions were a load of 2 N, and a loading time of 10 s. The 
dimensions of the specimen were 35 mm x 25 mm x 5 mm after wire 
EDM and grinding operations. The surface roughness after polishing was 
Ra= 0.15 pm. The mating ball material was bearing steel of grade GCr15 
with a hardness of 872.3 HV, and a diameter of 5 mm. Both the mating 
ball and the specimen were ferromagnetic materials. 

A YAG-W200B laser welding machine (Hans Laser) was used to 
fabricate the laser dimples. Appropriate laser processing parameters 
were selected according to a preliminary test, including an electric 
current of 230 A, a pulse duration of 0.2 ms, a pulse energy of 0.8 J, a 
defocusing amount of 3 mm, and single-shot ablation. To obtain a sur- 
face roughness of Ra = 0.15 pm, laser dimple textured surfaces were 
polished with abrasive paper having sizes of 150#, 800#, 1500#, 
2000#, and 3000# successively. Meanwhile, an ultrasonic cleaner was 
used to clean the specimens and mating balls, to reduce the experimental 
error. A 95% alcohol solution was used as the cleaning solution. All the 
mating balls and specimens were demagnetised by a magnetic eraser 
before the wear tests to minimise the experimental errors. 

A SFT-2M ball-on-disc wear tester was used to perform the wear tests 


(Lanzhou Zhongke Kaihua Technology Development Co. LTD), as shown 
in Fig. 1. Pre-experiments were conducted to investigate the effect of the 
dimple ratio (depth/diameter) on the trapping of wear debris under dry 
friction conditions. As the diameter of the laser dimple increased, the 
ability of dimple to capture wear debris improved. However, the 
diameter of dimples cannot be too big, otherwise the function and effect 
of the textured surface will be lost. The sample with a dimple ratio h/d of 
0.56 exhibited good ability to trap wear debris and tribological perfor- 
mances. Fig. 2 shows the cross-sectional profile of a laser dimple. The 
diameter of the laser dimple was 380.5 um, the depth of the laser dimple 
was 210.0 um, and the distance between the dimples was 1 mm. Dry 
sliding wear tests were performed under the following experimental 
conditions: a normal load of 10 N, a rotational speed of 0.083 m/s, anda 
wear scar diameter of 8 mm. The area density (Sp) was calculated using 
the formula Sp = n(d/2D)* x 100%, where d represents the diameter of 
a dimple, and D represents the distance between the dimples, as shown 
in Fig. 3. According to the effectiveness and economy, the area density 
(Sp) was selected as 11.3%. The wear duration was 30 min. The wear 
time duration was also set as 5, 15, and 25 min to examine the wear- 
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Fig. 4. Metallographic corrosion of AISI1045 steel 
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Fig. 5. Curves of the coefficients of friction under the three experimental conditions. (a) Textured surfaces. (b) Untextured surfaces. 
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Fig. 6. Average coefficients of friction of specimens under the different conditions. 


debris trapping process of the laser dimples and to calculate the ratio of 
wear-debris coverage on the worn surfaces. The coefficients of friction 
under the normal, degaussing, and additional magnetic experimental 
conditions were denoted as fo, f., and f}, respectively. A TC-1 degaussing 
instrument (Jingxin Machine Tool Co. LTD) was used to degauss the 
specimens and mating balls under the degaussing experimental condi- 
tions. The additional magnetic field was applied using Nd-Fe-B perma- 
nent magnets on the friction couples. The direction of the additional 
magnetic field was perpendicular to the textured surface. By adjusting 
the number of permanent magnets and the distance between the friction 
couple and the permanent magnet, a constant magnetic field of 24 mT 
was applied to the friction couples. A TGX-1000 T m (Nihon Dempa 
Kogyo Co. LTD) was used to measure the magnetic flux density of the 
worn surfaces. 

The worn surfaces, dimple profiles, and processes of wear-debris 
trapping due to dimples were observed using a VHX-1000 type three- 


dimensional microscope. An HDX-1000 type microhardness tester was 
used to measure the Vickers hardness. The corrosion solution was a 
mixture of water and nitric acid at a volume ratio of 1:0.04. The 
corrosion solutions were used to corrode the metallographic samples. 
Fig. 4 presents a micrograph of AISI1045 steel after metallographic 
corrosion. The laser processing caused a remelted and resolidified sur- 
face zone, as shown in Fig. 4(b). The micro-morphologies and the 
elemental contents of the wear debris were analysed using an SU-70 
scanning electron microscope and energy spectrum analyser (Hitachi 
High-Technologies Corporation). The wear temperatures were 
measured using a VT04/VTO4A visual infrared thermometer (Fluke 
Corporation) with camera placed 50 mm away from worn marks. The 
suspension fluids were prepared with Fe30,4 nanoparticles and oleic 
acid. The suspension liquids were coated onto both the surface and the 
cross-sectional of the laser dimples. The distribution of Fe304 nano- 
particles reflected the distribution of the stray magnetic field, which 
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Fig. 7. Cross-sectional area of worn marks on specimens under different 
experimental conditions. (a)Cross-sectional profile of worn marks on laser 
textured surfaces. (b) Average cross-sectional area of worn marks on specimens. 


indirectly indicated the orientation of the magnetic domain [31]. 
3. Results and discussion 
3.1. Coefficients of friction 


Fig. 5 presents the curves of the coefficients of friction under three 
experimental conditions. The average values of the coefficients of fric- 
tion are shown in Fig. 6. The wear tests were performed in triplicate. In 
Fig. 6, the error bars represent the deviation of the coefficients of fric- 
tion. The coefficients of friction of the textured surfaces under the three 
experimental conditions were significantly smaller than those of the 
untextured surfaces, as shown in Fig. 6. The results indicate that the 
tribological properties of the ferromagnetic materials were improved by 
the textured surfaces under the three different experimental conditions. 

For the textured surfaces, the coefficients of friction under the 
degaussing and additional magnetic conditions were smaller than those 
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under the normal condition. Compared with the normal condition, the 
coefficients of friction under the degaussing condition were reduced by 
4.23% on average, and the coefficients of friction under the additional 
magnetic condition were reduced by 11.23% on average. The foregoing 
results indicate that both the degaussing and additional magnetic con- 
ditions reduced the coefficient of friction of the textured surface. 
Additionally, the friction reduction effect of the textured surface under 
the additional magnetic condition was better than that under the 
degaussing condition. 


3.2. Cross-sectional area of worn marks 


Because the wear mass loss was too small to measure accurately, the 
cross-sectional areas of the worn marks on the specimens were used to 
measure the wear. Fig. 7(a) shows the cross-sectional profiles of the 
worn marks on the laser dimple textured surfaces, and Fig. 7(b) shows 
the average values of the cross-sectional areas of the worn marks on the 
specimens under the three experimental conditions. Each measurement 
was repeated three times, and the error bars represent the corresponding 
deviation of the cross-sectional area of the worn marks. The cross- 
sectional areas of the worn marks on the laser dimples under the three 
experimental conditions were significantly smaller than those for the 
untextured surfaces, as shown in Fig. 7(b). The foregoing results indicate 
that the wear volume loss was reduced by the laser dimples. 

For the textured surfaces, the results were Ag = 7.56 x 10° um? for 
the normal condition, A. = 5.07 x 10° um? for the degaussing condition, 
and A, = 4.37 x 10° um? for the additional magnetic condition. 
Compared with the normal condition, the wear volume loss under the 
additional magnetic condition was significantly reduced (by 42.2%), 
and that under the degaussing condition was reduced by 32.9%. These 
results indicate that under the degaussing and additional magnetic 
conditions, both the coefficient of friction and the wear volume loss 
decreased. Furthermore, the effect of improving the wear resistance of 
the laser dimple textured surface under the additional magnetic condi- 
tions was significant. 


3.3. Worn surfaces 


After ultrasonic cleaning, the worn surfaces of the specimens sub- 
jected to the three different experimental conditions were observed, as 
shown in Fig. 8. For the untextured surfaces, deep scratches and large 
areas of material adhesion were clearly observed, as indicated by arrows 
A, B, and C in Fig. 8(a)-(c). Compared with the untextured surfaces, 
fewer scratches and less adhesion were observed on the laser dimple 
textured surfaces, as shown in Fig. 8(d)-(f). The results indicate that 
both abrasive wear and adhesive wear occurred. Compared with the 
untextured surface, the abrasive wear and adhesive wear were reduced 
for the laser dimple textured surfaces. 

For the worn textured surfaces, scratches and small areas of material 
adhesion were clearly observed for the normal condition, as indicated by 
arrow D in Fig. 8(d). However, under both degaussing and additional 
magnetic conditions, only several shallow scratch marks were observed 
on the worn surfaces, as well as black adhesive materials, as indicated by 
arrow E in Fig. 8(f). These results indicate that the applied degaussing 
and additional magnetic conditions can reduce the amount of abrasive 
wear on the laser textured surface. The additional magnetic condition 
promoted the transition of the wear mode from abrasive wear to adhe- 
sive wear on the laser textured surface. The wear resistance of the laser 
dimple textured surface was improved under both the additional mag- 
netic condition and the degaussing condition. The foregoing analysis of 
the worn surfaces explains the results for the coefficient of friction and 
wear volume loss of the laser dimple textured surface under the addi- 
tional magnetic condition. 

Fig. 9 shows the worn surfaces of mating balls rubbing with the 
textured surfaces under the three experimental conditions. ro, r, and r4 
represent the radii of the worn marks of the mating balls under the 
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Fig. 9. Worn surfaces of the mating balls after test in contact with textured surfaces. 


normal, degaussing, and additional magnetic conditions, respectively. 
The results were r+ < r- < To, indicating that the wear volume loss of 
mating balls was reduced by the degaussing and additional magnetic 
conditions. 


3.4. Wear mechanism 
3.4.1. Hardness of dimple edge 


Fig. 10 shows the hardness of the edges of the laser dimples before 
the wear tests. The hardness values can be divided into three regions, as 


illustrated in Fig. 10: substrate region I characterised by a relatively low 
hardness, transition region II, and laser dimple edge region III charac- 
terised by a relatively high hardness. The average hardness of substrate 
region I (191.2 HV), was lower than that of the specimen substrate of 
210.4 HV. The average hardness of transition region II was 314.3 HV, 
and that of the laser dimple edge region III was 542.9 HV. The testing 
hardness conditions were a load of 2 N, and a loading time of 10 s. The 
high-energy laser beam was concentrated on an extremely small area of 
the specimens in a short time, and the materials of the sample melted 
and evaporated with the absorption of thermal energy. Eventually, the 
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Fig. 10. Hardness of the edge area of the laser dimples before the wear tests. 
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Fig. 11. Hardness of laser dimples after wear tests under the three experimental conditions. 


inner wall of the dimples was formed by condensation, as observed in 
region III. Part of the thermal energy was transferred to the substrate, 
which affected the microstructure of the substrate, as observed in region 
II. 


Fig. 11 presents the values of the hardness for the worn surfaces after 


the wear tests. Three points were selected from one region for hardness 
testing, and the error bars represent the corresponding deviation of 
hardness on one region. The dashed lines indicate the average values of 
the hardness for the edge area of the laser dimples before the wear tests. 
As shown, the average values of the hardness on the worn surface 
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Fig. 12. Deformation of subsurface beneath the worn marks. 


generally increased after the wear tests under the three experimental 
conditions. In particular, under normal conditions, the average hardness 
of the three regions increased, which indicates that the stress generated 
by friction may cause the hardness of the wear surface to increase. At the 
same time, compared with the normal condition, the average hardness 
of the three regions under the additional magnetic condition was further 
improved. However, compared with the normal condition, the average 
hardness of the region II and region III was slightly lower under the 
degaussing condition. Therefore, the additional magnetic field may 
affect the hardness of the worn surfaces. These results indicate that the 
friction stress and the additional magnetic field increased the hardness 
of the worn surfaces. 

To further investigate the effects of the additional magnetic condi- 
tion and friction stress on the hardness of the specimen surface, sub- 
surfaces beneath the worn marks were examined via scanning electron 
microscopy (SEM), as shown in Fig. 12. In contrast to the microstructure 
beneath the worn surface before the wear tests, plastic deformation 
zones of the materials caused by mechanical stress induced by the wear 
process were clearly observed, as indicated in Fig. 12(c) and (d). 

Some researchers reported that the additional magnetic field can 
increase the hardness of ferromagnetic materials [28,29,32-35]. For 
example, Paulmier et al. [28] reported that the surface properties and 
hardness of the metal were related to dislocations. The dislocation 
diffusion increased under the additional magnetic field, which changed 
the hardness of the metal and the mechanical properties of the surface. 
ZaiDi et al. [33] reported that the additional magnetic field facilitated 
the movement of dislocations during wearing process, and this 


accumulation of dislocations leaded to the increase in surface hardness. 
In some studies [29,34—-36], an additional magnetic field caused the 
magnetostrictive effect within a ferromagnetic material. The magneto- 
strictive effects caused the dislocation movement, which leaded to an 
increase in material hardness. Results of these literature indicated that 
additional magnetic fields increased the hardness of ferromagnetic 
materials. The wear properties of the textured surfaces were improved 
due to the hardness increases of the specimens. Therefore, in Fig. 7, the 
smallest amount of wear of the laser dimple textured surface was ob- 
tained under the additional magnetic condition. 


3.4.2. Oxidation of wear debris 

Fig. 13 shows the morphologies and elemental contents of the wear 
debris generated on the textured surfaces under the three experimental 
conditions. Under the normal and degaussing conditions, large wear 
debris was observed. Smaller wear debris was observed under the 
additional magnetic condition. Energy-dispersive X-ray spectroscopy 
(EDS) revealed that the wear debris generated under the additional 
magnetic condition had the highest oxygen content of 9.23%, and the 
lowest oxygen content (2.89%) was measured under the normal condi- 
tion. These results indicate that the wear debris had the highest degree 
of oxidation under the additional magnetic condition. The chemisorp- 
tion activity of ferromagnetic materials to oxygen was improved under 
the additional magnetic condition [30], which can accelerate the 
oxidation of the wear materials. Additionally, wear debris can easily 
adhere to the worn marks under the additional magnetic condition, and 
the oxidation of the wear debris is accelerated because the wear debris 
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(c) Additional magnetic condition 


Fig. 13. SEM images and EDS analysis of wear debris. 


become finer with repeating crushing and lapping. The foregoing results 
indicate that oxidative wear may occur during the wear process of the 
laser dimple textured surface under the additional magnetic condition. 
The results of the temperature values are shown in Fig. 14. Under the 
normal condition and the degaussing condition, the temperature 
increased for the first 10 min until it reached a stability of approximately 
35 °C. However, under the additional magnetic condition, the temper- 
ature increased further after 12 min, until it became stable at approxi- 
mately 43 °C. Compared with the additional magnetic condition, the 
wear temperatures under the other two conditions were lower. A small 
increase in the temperature did not aggravate the wear of the materials 
but instead accelerated the oxidation of the wear debris in this study. 
Kumagai et al. [28] reported that oxidised wear debris acted as a 
lubricant. The phenomenon shown in Fig. 6, i.e. that the coefficients of 
friction of the laser dimple textured surface were the smallest under the 
additional magnetic condition, is explained by the foregoing analysis. 


3.4.3. Wear-debris coverage 

Six sampling points at equal angle intervals of 60° were randomly 
selected on every worn mark of the laser dimple textured surface. The 
testing area of each point was 1.6 x 10° m2. Fig. 15 presents the results 
for the percentage of coverage of wear debris on the textured surface. 
The error bars indicate the standard deviations for the percentage of 
wear-debris coverage. As shown, the percentage under the additional 
magnetic condition was higher than that under the other conditions. 

The study of Stolarski et al. [37] revealed that the wear debris was 
attached to the worn mark because of the additional magnetic condition. 
The probability of wear debris detaching from the friction surface was 
reduced. Additionally, the particles of wear debris became finer owing 
to repeating crushing induced by a coupling ball, which increased the 
debris coverage. Chin et al. [38] reported that the oxide film had a 
beneficial effect under dry friction. We consider that the direct 
scratching effect of the asperity contact of the coupling ball on the 
textured surfaces was reduced by the wear-debris coverage; thus, less 
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Fig. 14. Temperature of textured surfaces during sliding wear tests. 


B Textured surface 


Worn mark 


Ce eeooeoee 
eoo o e” Dimple 


° °- Test area 


The coverage of wear debris on worn marks/% 


Normal Degaussing Magnetic 


Experimental conditions 


Fig. 15. Percentage of wear-debris coverage at sampling points on worn marks. 


abrasive wear is observed in Fig. 8(f). The dimples had the ability to Fig. 16. The smallest amount of wear on the textured surface was 
capture wear debris, as indicated by arrow A in Fig. 16, and prevent observed under the additional magnetic condition, as shown in Fig. 7. 
harmful wear debris from scratching the coverage. Thus, a continuous 
wear-debris coverage layer was observed, as indicated by arrow B in 
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Fig. 16. Worn surfaces of the uncleaned textured surfaces under additional magnetic conditions. 


3.4.4. Wear-debris trapping process 

Fig. 17 presents micrographs of dimples at different stages of the 
wear process, and Fig. 18 presents the inner wall and bottom of laser 
dimples. As shown in Fig. 17(a), under the normal condition, the 
attached wear debris was connected to each other by the edge of the 
dimple, and a small amount of debris fell to the bottom of the dimple, as 
shown by the arrow A in Fig. 18(a). As the experimental progressed, the 
wear debris bridging phenomenon [13] occurred at 25 min. As shown in 
Fig. 17(b) and the arrow B in Fig. 18(b), under the degaussing condition, 
only a small amount of wear debris was observed at the edge of the 
dimple, and the wear debris at the bottom of the laser dimple gradually 
increased during the experimental process. However, under the addi- 
tional magnetic condition, wear debris was attached to both the dim- 
ple’s inner wall and edge, as shown in Fig. 17(c) and the arrow C in 
Fig. 18(c). The amount of attached wear debris at the edge of the laser 
dimple was smaller than that under the normal condition, and the 
dimple was still not filled at 25 min. Thus, when the degaussing and 
additional magnetic methods were applied, the trapping debris ability of 
the laser dimples was improved, and the abrasive wear of the laser 
dimple textured surface was reduced, as shown in Fig. 8. 

To clarify the distribution of the trapped wear debris, the grayscale 
images of Fig. 17 were converted into pseudo-colour images, as shown in 
Fig. 19. Fig. 19 shows the cross-sectional profile of laser dimples with 
attached wear debris. The different colours in Fig. 19 indicate the 
variation of the inner depth of the dimple. Blue and red correspond to 
the bottom and top of the dimple, respectively. 

Mishina et al. [39-41] studied the tribo-magnetisation phenomenon 
of ferromagnetic metal materials and determined that the 
tribo-magnetisation phenomenon occurred on both wear debris and 
worn marks in the wear process of the ferromagnetic materials. As 
shown in Fig. 17(a), the attachment of wear debris at the edge of the 
laser dimple was observed under the normal condition. Thus, the 
tribo-magnetisation phenomenon may occur on the textured surface in 
the wear process. The trapping debris ability of laser dimples may be 
affected by the tribo-magnetisation phenomenon. 

To further explain the results in Fig. 17, the magnetic flux density of 
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the worn surfaces of the laser dimples was measured under the normal 
condition and the degaussing condition. The formula AB = Bn — Bo was 
used to calculate the change in the magnetic flux density, where Bn 
represents the average value of the magnetic flux density measured after 
the wear tests, and Bo represents the average value of the magnetic flux 
density measured before the tests. As shown in Fig. 20, AB was 0.054 mT 
for the normal condition and 0.022 mT for the degaussing condition. 
Negative and positive values correspond to the S and N poles, respec- 
tively. The foregoing results indicate that the tribo-magnetisation phe- 
nomenon occurs during wear process and that the degaussing method 
can reduce the degree of tribo-magnetisation. The average value of the 
magnetic flux density was 24 mT under the additional magnetic 
condition. 

The specimen was made of a ferromagnetic material: medium carbon 
steel AISI1045. In previous studies, wear debris attached to the laser 
dimple edge affected the capacity of trapping debris of dimples [13]. We 
consider that the distribution of magnetic domains on both worn sur- 
faces and dimples should be considered in analysing the debris trapping 
process of laser dimple textured surfaces. Usually, there are countless 
magnetic domains within a ferromagnetic material, and the directions of 
these magnetic domains are randomly oriented within a non-magnetised 
sample [42]. Gao et al. [43] reported that plastic deformation led to 
changes in the magnetic domain beneath the rubbing surface and that 
the direction of the magnetic domains was changed to being perpen- 
dicular to the sliding surface. 

A schematic of the debris trapping process of a laser dimple textured 
surface under the three different experimental conditions is shown in 
Fig. 21. As shown in Fig. 21(a), under the normal condition, uniform 
orientations of the magnetic domains occur on the worn surface, along 
with the tribo-magnetisation phenomenon. Thus, in Fig. 17(a), we 
observe the phenomenon of wear debris attached to the edge of the laser 
dimples. 

As shown in Fig. 21(b), under the degaussing condition, the magnetic 
domains are randomly oriented. Then, the amount of attached debris at 
the edge of the laser dimples decreases, as shown in Fig. 17(b). The wear 
debris has tendency to drop to the bottom of the laser dimples, and the 
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Fig. 17. Wear-debris trapping processes of laser dimples. 


Fig. 18. Inner wall and bottom of laser dimples. 


wear-debris trapping capacity is improved. 

Under the additional magnetic condition, the magnetic domains 
within the specimen are rearranged, and the orientation of the magnetic 
domains is consistent with the application direction of the additional 
magnetic condition, as shown in Fig. 21(c). The whole specimen exhibits 
a homogeneous magnetism. Because both the surface and the inner walls 
of the dimples are magnetised, the inner walls of dimples form a uniform 
phenomenon of attached wear debris. Moreover, because of the 
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additional magnetic field, the worn surface and wear debris are likely to 
attach to each other, leading to coverage of the worn surface. The 
foregoing analysis explains the covering and trapping results shown in 
Figs. 15 and 17(c) for the additional magnetic condition. 

To prove the orientation change of the magnetic domains after the 
application of the additional magnetic condition, suspension liquids 
were coated on both surface and the cross section of the specimens. The 
distributions of Fe304 nanoparticles indicated the distribution of the 
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Fig. 19. Cross-sectional profile of wear-debris trapping stages of laser dimples. 


stray magnetic field, indirectly reflecting the orientation of the magnetic 
domains [31]. As shown in Fig. 22(a) and (b), the distribution of Fe304 
nanoparticles was random, suggesting that the orientation of magnetic 
domain was random. However, as shown in Fig. 22(c), the regular dis- 
tribution of Fe304 nanoparticles reflected the uniform orientation of 
magnetic domains within the specimen. 

In this study, the tribological performance of the laser dimple 
textured surface was investigated under three experimental conditions: 
normal, degaussing, and an additional magnetic field. Only medium 
carbon steel AISI1045 was examined. Other commonly used ferromag- 
netic materials, such as low-carbon steel and cobalt- and nickel-based 
alloys, should also be investigated. Additionally, the effects of the 
magnetic-field intensity on the dry friction properties of the laser dimple 
textured surface must be investigated. Furthermore, the orientations of 
the magnetic domains were indirectly reflected by the Fe304 nano- 
particles in this study. Direct observation of the magnetic domains 
should be performed in the future. 


4. Conclusions 


(1) Under three different experimental conditions, compared with an 
untextured surface, the tribological performance of specimens 
was improved with laser dimple textured surfaces. During wear 
experiments involving laser dimple textured surfaces of medium 
carbon steel, both degaussing and additional magnetic conditions 
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were beneficial for reducing the coefficient of friction and wear 


mass loss. 


(2) Under the additional magnetic condition, the following phe- 


nomena occurred: 


hardness improvement of the dimple edge, 


oxidation of wear debris, coverage of the worn surface by wear 
debris, and improvement of the wear-debris trapping capacity of 
laser dimples. Thus, the tribological performance of the laser 
dimple textured surface of medium carbon steel can be improved 
under the additional magnetic condition. 

(3) The distributions of the magnetic domains within the specimens 
of medium carbon steel affected the wear-debris trapping ca- 
pacity of the laser dimple textured surface. Under the normal 
experimental condition, the magnetic domains had a uniform 
orientation on the surface layers of the worn specimens, and wear 
debris was attached to the edges of the laser dimples. Under the 
degaussing condition, the magnetic domains within the specimen 
were randomly oriented, reducing the amount of attached debris 
at the edges of the dimples. The orientation of the magnetic do- 
mains within the specimen was consistent with the direction of 
the additional magnetic field, which resulted in uniform attach- 
ment of the wear debris to the inner walls of the dimples. 
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Fig. 22. Effect of the magnetic condition on the orientation of the magnetic domains. 
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